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Introduction {#sec1}
============

Obesity is one of the recognized worldwide health issues, with an increasing prevalence in both the developed and developing countries ([@bib6]). Besides weight gain and metabolic diseases, obesity is also associated with deficits in high-level brain processing and function (for review [@bib8]). This suggests an interplay between peripheral metabolism, high-level brain functions, and hippocampal plasticity. However, it is still unknown whether obesity might affect lower-level sensory functions and plasticity. To address this issue, here we investigate the degree of short-term visual cortex plasticity in a group of healthy adult individuals belonging to different body weight categories, ranging from normal weight to morbid obesity.

Similar to previous studies on short-term visual plasticity, we quantified sensory eye dominance by means of binocular rivalry, a form of bistability that occurs when the two retinae are presented with dissimilar visual stimuli ([@bib1], [@bib12]). Normally, eye dominance is relatively balanced between the two eyes; however, after short-term (2 h to 2 h 30 min) monocular deprivation, eye dominance dramatically shifts in favor of the deprived eye ([@bib14]). The deprivation effect usually decays within 1 h after eye-patch removal (but see [@bib15]) and is thought to reflect a form of homeostatic plasticity. Homeostatic plasticity has been observed during development in animal models ([@bib32], [@bib24], [@bib20], [@bib30]) and in children during the critical period for binocularity ([@bib17]) and is partially preserved in adult age (for a detailed [discussion](#sec3){ref-type="sec"} see [@bib3]). It has been shown that this form of short-term plasticity is accompanied by transient changes of neuronal excitability in V1 ([@bib2], [@bib3], [@bib13]) and by a decrease of GABA measured by MR spectroscopy ([@bib16]). Thus, the demonstration of a change of homeostatic plasticity in obesity may provide strong evidence of the link between energy metabolism and basic sensory brain mechanisms.

Results {#sec2}
=======

We measured the effect of short-term (2 h) monocular deprivation on sensory eye dominance by binocular rivalry on a group (N = 53) of adult healthy individuals with a wide range of body weight, from normal weight to morbid obesity. To avoid other potential factors that may also affect neuronal plasticity, we have included in the study only subjects with normal glucose tolerance. We computed the Body Mass Index (BMI) using the standard equation described in Equation 1 in the Transparent Methods section ([Table 1](#tbl1){ref-type="table"}). The ocular dominance plasticity was evaluated by the difference between sensory eye dominance (see Equation 2 in the Transparent Methods section) measured after and before 2 h of monocular deprivation ([Figure 1](#fig1){ref-type="fig"}A).Table 1Subjects Demographics and Body Mass Index (BMI) ValuesSubject IDGenderAge (years)BMIS1F4141.27S2F4151.03S3F3348.12S4F5548.44S5F4839.26S6F3136.48S7F3837.64S10F2750.07S11M4352.85S12F2546.3S13F2931.6S14F3836.3S15M2550.52S16F4839S17F4940.5S18F2747.89S19F5540.86S20M4853.49S21F3830.94S22M5326.78S23M4424.07C1F2522.52C2F3121.875C3F2318.81C4F2420.02C5M2022.15C6F4319.53C7M2125.53C8M2219.37C9F2120.06C10F2018.81C11F2024.89C12M2922.79C13F2019.13C14M1921.43C15F2019.19C16F2018.75C17M2123.45C18F2025.7S24F4545.33S25F5341.37S26F5331.59S27F5032.51S28F4545.17S29F2231.34S30F4639.33S31M4742.24S32F4835.57S33M4137.35S34F2645.36S35M2038.77S36F5232.62S37M3638.6Figure 1Short-term Monocular Deprivation Effect and Binocular Rivalry Dynamics as a Function of BMI(A) Diagram of the experimental paradigm.(B) The effect of monocular deprivation (difference between ocular dominance measured after and before 2 h of monocular deprivation) plotted as a function of subjects\' Body Mass Index (BMI). The bars represent the average effect for three different BMI categories (gray, normal to overweight; red, obese class I and II; blue, obese class III), error bars represent 1 ± SEM. Black symbols represent single subjects\' data.(C) Same as (B) but for the proportion of the total time of mixed percepts measured during binocular rivalry before monocular deprivation.

The plasticity effect of monocular deprivation reduced significantly with increasing BMI ([Figure 1](#fig1){ref-type="fig"}B), as revealed by a univariate ANOVA (F(2,50) = 10.27, p \< 0.001, η^2^ = 0.29) and confirmed by the strong correlation across subjects between the plasticity effect and BMI (Pearson\'s r = -0.58 \[95% confidence interval (CI), −0.74 to −0.37\], p \< 0.001). When grouping the subjects in three categories according to their BMI, in normal to overweight subjects (group 1) we observed a significant shift of ocular dominance in favor of the deprived eye after deprivation (deprivation effect \[mean ± SD\] = 0.12 ± 0.05, t(19) = 11.6, p \< 0.001), in line with previous reports ([@bib4], [@bib15], [@bib14]). In subjects with moderate to severe obesity (group 2), the effect of deprivation was significantly smaller (t(34) = 3, p = 0.03) but still statistically different from 0 (mean ± SD = 0.07 ± 0.07, t(15) = 3.81, p = 0.01), whereas in morbidly obese subjects (group 3) sensory eye dominance did not change after monocular deprivation (mean ± SD = 0.02 ± 0.08, t(16) = 1.21, p = 0.99). The plasticity effect was significantly different between group 1 (normal to overweight) and group 3 (morbidly obese, t(35) = 4.46, p \< 0.001), whereas there was no statistical difference between the two groups of obese patients (group 2 and 3, t(32) = 1.5, p = 0.86), indicating altered short-term visual plasticity in obese subjects.

A complementary measure of inter-ocular suppression is given by the proportion of time in which fusion of the two monocular images is perceived, usually referred to as mixed percepts. Strong fusion of inconsistent images is associated with weak inter-ocular inhibition ([@bib9], [@bib25], [@bib26]). We found that the proportion of mixed percepts remained similar before and after deprivation in both group 1 and group 2, whereas it showed a reduction in morbidly obese subjects (group 3, paired-samples t test, t(16) = 5.99, p \< 0.001). Importantly, we also found that the proportion of mixed percepts before deprivation is related to and increases with increasing BMI ([Figure 1](#fig1){ref-type="fig"}C). This was revealed by a univariate ANOVA (F(2,50) = 7.47, p = 0.001, η^2^ = 0.23) and confirmed by the correlation across subjects between the proportion of mixed percepts and BMI (Pearson\'s r = 0.45 \[95% CI, 0.21 to 0.64\], p = 0.004). Post hoc tests showed that the proportion of mixed percepts was significantly larger in morbidly obese subjects (group 3) compared with normal to overweight subjects (t(35) = 3.86, p \< 0.001), whereas there was no difference in mixed percepts proportion between moderately to severely obese subjects (group2) and either group 1 (t(34) = 2.16, p = 0.11) or group 3 (t(32) = 1.5, p = 0.39). Similar results were observed for the mean duration of mixed percepts that varied from 1.81 ± 0.24 s in normal-weight subjects to 2.93 ± 0.41 s in morbidly obese subjects, suggesting that the mean duration of mix percept varied with BMI (univariate ANOVA F(2,50) = 3.89, p = 0.027, η^2^ = 0.14, correlation Pearson\'s r = 0.27 \[95% CI, −0.01 to 0.5\], p = 0.05).

No difference across body weight categories was observed for the other main parameter of binocular rivalry dynamics: mean phase durations were comparable across groups (univariate ANOVA \[F(2,50) = 0.85, p = 0.44, η^2^ = 0.03\], group1 mean ± SD = 3.5 ± 1.4, group2 mean ± SD = 4.2 ± 1.5, group3 mean ± SD = 3.8 ± 1.5). We also found a correlation between BMI and age (Pearson\'s r = 0.49 \[95% CI, 0.25 to 0.67\], p = 0.001, Bayes Factor \[BF\] = 94.1), as obese subjects were on average older than normal to overweight subjects. However, age did not correlate significantly with the effect of monocular deprivation (Pearson\'s r = −0.3 \[95% CI, −0.53 to −0.08\], p = 0.017, BF = 1.19). To disentangle the contribution of different factors (BMI, proportion of mix percepts and age) to the observed plasticity effect, we performed a multiple linear regression analysis using the three factors mentioned earlier as predictors of the deprivation effect. The analysis revealed that only the factor BMI was a significant predictor of the plasticity effect (t = −3.8, p \< 0.001); both the factor proportion of mixed percepts (t = −1.9, p = 0.064) and the factor age (t = 0.17, p = 0.87) had no significant predictive value, implying that the apparently negative correlation between the effect of deprivation and the proportion of mixed percepts is a by-product of the correlation between both variables and BMI.

We asked whether the lack of short-term plasticity in morbidly obese subjects could result from a different dynamics of the effect---perhaps a faster decay. [Figure 2](#fig2){ref-type="fig"} shows the decay of the plasticity effect (shift in ocular dominance) over the four experimental blocks acquired immediately after eye-patch removal. Ever since the first time point after eye-patch removal, morbidly obese subjects fail to show the ocular dominance shift, suggesting a total lack of effect after 2 h of monocular deprivation. A mixed model ANOVA (within-subjects factor TIME and the between subjects factor BMI GROUP) showed that there was no significant difference in the decay of the effect of deprivation: the interaction between the factors TIME and BMI GROUP was not significant (F(6,147) = 0.45, p = 0.85, η^2^ = 0.02).Figure 2Decay of the Effect of Monocular Deprivation across Different BMI GroupsThe effect of monocular deprivation is plotted for each of the four experimental blocks acquired after eye-patch removal and for the three different BMI groups (black symbols, normal weight to overweight subjects; red symbols, class I and class II obese subjects; blue symbols, class III obese subjects). Error bars represent 1 ± SEM.

Finally, the effect of monocular deprivation might be masked by strong natural ocular dominance. This potential confound is particularly important since we always deprived the dominant eye, which gives the largest deprivation effects in typical subject ([@bib14]). However, we found that natural ocular dominance was not systematically different in morbidly obese subjects ([Figure 3](#fig3){ref-type="fig"}). The ocular dominance index measured before deprivation did not differ across BMI groups (univariate ANOVA, F(2,50) = 0.34, p = 0.71, η^2^ = 0.01), nor did it correlate with BMI across subjects (Pearson\'s r = 0.12, p = 0.43).Figure 3Ocular Dominance as a Function of BMIThe ocular dominance index measured before deprivation is plotted as a function of subjects\' BMI. Individual subjects are represented by black symbols. Average ocular dominance values for each BMI group are represented by the bars (same color code as in [Figure 2](#fig2){ref-type="fig"}). Error bars represent 1 ± SEM.

Discussion {#sec3}
==========

We found that the degree of residual homeostatic visual plasticity and binocular rivalry dynamics were altered in morbidly obese adult subjects. Both homeostatic plasticity ([@bib3], [@bib13]) and binocular rivalry ([@bib10], [@bib11]) occur at the earliest stages of visual processing, at the level of the primary visual cortex. Interestingly, homeostatic plasticity ([@bib16]) and binocular rivalry dynamics ([@bib23], [@bib25], [@bib33]) are both mediated by GABAergic inhibition, suggesting that intracortical excitation/inhibition balance might be altered in obese individuals in favor of a stronger GABAergic inhibition.

Experiments on animal models demonstrated that homeostatic plasticity is a particular form of experience-dependent plasticity that operates during the critical period to shape organization of binocular mechanisms in primary visual cortex ([@bib32]). Both homeostatic plasticity ([@bib20]) and long-term plasticity ([@bib7]), mainly relying on Hebbian cellular mechanisms ([@bib5]), depend on the net excitation/inhibition ratio in the visual cortex, which changes dramatically during the critical period for visual development. Thus, in spite of being different mechanisms (for [discussion](#sec3){ref-type="sec"} see [@bib3]), these two forms of plasticity may be expected to co-vary in many pathological conditions that modify the excitatory/inhibitory homeostasis. Interestingly, an example of correlation between the two forms of plasticity has been observed in amblyopic children, where homeostatic plasticity is a predictive measure of the recovery of visual acuity in the amblyopic eye after standard occlusion therapy ([@bib17]). Another example of interaction between the two forms of plasticity is provided by the long-term recovery of visual acuity in adult amblyopic subject after inducing repetitively homeostatic plasticity ([@bib19], [@bib34]). So, although the effect reported here is transient, a large corpus of the literature on animal models and humans suggests that homeostatic plasticity may be an important biomarker of the brain\'s ability to respond to environmental changes ([@bib31]).

Here we find that, morbidly obese subjects not only fail to show homeostatic plasticity for ocular dominance, but also have a different dynamics of binocular rivalry. The period of fusion of the two inconsistent monocular stimuli is longer than in normal-weight subjects, suggesting a decrease of interocular inhibition ([@bib9], [@bib25], [@bib26]). At first sight, this result seems to contradict the conclusion of increased GABAergic inhibition in obese patients, based on the lack of homeostatic ocular dominance shift after deprivation. However, a recent study ([@bib23]) showed that the duration of mixed percepts and that of exclusive dominance during binocular rivalry are modulated differently by GABA-A and GABA-B agonists, suggesting that the two measures may reflect independent inhibitory mechanisms that are both atypical in morbidly obese subjects. In addition, this population shows an atypical reduction of mixed percept after deprivation, not observed in normal-weight subjects, and in contrast with the result of a recent study ([@bib28]). These authors classified mixed percept on a finer scale, estimating separately the mixed percepts with a relative dominance for either eye. They found that the balanced mixed percepts showed no change, consistently with our results in normal-weight individuals. Overall, morbidly obese individuals have alterations of three properties of binocular rivalry (baseline mixed percepts, the deprivation effect on ocular dominance, and its effect on mixed percepts), implicating abnormal interocular interactions.

Growing evidence indicates that obesity is not only associated with metabolic diseases, but also affects high-level brain processing and function. Morbidly obese subjects are more liable to develop neurodegenerative diseases such as Alzheimer and Parkinson disease ([@bib22]). At the functional level, it has been shown that obese individuals have impaired cognitive and executive functions, reduced spatial and recognition memory, impaired spatial learning and altered temporal integration ([@bib27]). At the neural level, obesity is associated with severe neuroinflammation, reduced gray and white matter volume, damage in the hippocampus (reduced volume and hippocampal neurogenesis), structural changes in the frontal and temporal lobe, and altered connectivity and dopamine release in the neural circuits related to reward processing (reviewed in [@bib8], [@bib21], [@bib29]). Our results suggest that similar mechanisms might mediate ocular dominance plasticity. Interestingly, it has been shown that neuroinflammation induced by obesity can be mended by physical exercise. We have recently reported that visual homeostatic plasticity can be boosted by physical exercise both in normal sighted ([@bib18]) and in amblyopic subjects ([@bib19]). Therefore, we hypothesize that reduced physical activity can contribute to the loss of homeostatic plasticity in obese individuals, although it may be difficult to disentangle the two factors. However, both explanations strongly point to a role of body metabolism in mediating visual plasticity.

Our results indicate that both early sensory plasticity and visual processing are altered in non-diabetic obese individuals, showing for the first time that the deficits observed both at the neural and functional level for higher cognitive functions extend to basic sensory processing.

Limitations of the Study {#sec3.1}
------------------------

One limitation of the current study is the relatively small sample size due to the difficulty of recruiting morbidly obese individuals without associated metabolic conditions.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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